The effects of the unresolved subgrid-scale ͑SGS͒ motions on the energy balance of the resolved scales in large eddy simulation ͑LES͒ have been investigated actively because modeling the energy transfer between the resolved and unresolved scales is crucial to constructing accurate SGS models. But the subgrid scales not only modify the energy balance, they also contribute to temporal decorrelation of the resolved scales. The importance of this effect in applications including the predictability problem and the evaluation of sound radiation by turbulent flows motivates the present study of the effect of SGS modeling on turbulent time correlations. This paper compares the two-point, two-time Eulerian velocity correlation in isotropic homogeneous turbulence evaluated by direct numerical simulation ͑DNS͒ with the correlations evaluated by LES using a standard spectral eddy viscosity. It proves convenient to express the two-point correlations in terms of spatial Fourier decomposition of the velocity field. The LES fields are more coherent than the DNS fields: their time correlations decay more slowly at all resolved scales of motion and both their integral scales and microscales are larger than those of the DNS field. Filtering alone is not responsible for this effect: in the Fourier representation, the time correlations of the filtered DNS field are identical to those of the DNS field itself. The possibility of modeling the decorrelating effects of the unresolved scales of motion by including a random force in the model is briefly discussed. The results could have applications to the problem of computing sound sources in isotropic homogeneous turbulence by LES.
I. INTRODUCTION
Constructing subgrid scale ͑SGS͒ models for large eddy simulation ͑LES͒ depends on theoretical understanding of how the unresolved scales of motion influence the resolved scales. The most extensively applied class of SGS models is based on the eddy viscosity assumption: like the molecularscale thermal fluctuations, the effects of the subgrid scale motion on the resolved scales can be modeled by a viscosity; however, unlike the molecular viscosity, this eddy viscosity depends on the filter size and on certain properties of the resolved scales. The Smagorinsky model 1 is the classic eddy viscosity model. Although it is no longer often applied in its original form, it is the basis of much more commonly used models like the dynamic model, 2 various ''mixed'' models, 3, 4 and more specialized spectral SGS models for homogeneous turbulence. 5, 6 Eddy viscosity models attempt to describe the transfer of energy between the resolved and unresolved scales. But the subgrid scales not only act as a sink and source of energy, they also contribute, through nonlinear interactions, to the temporal decorrelation of the resolved scales. Temporal decorrelation is important in the sound radiation problem in which the turbulent time scales are directly related to the frequency of radiated sound. 7 The increasing application of LES to compute sound sources 8, 9 and unsteady aerodynamic flows more generally, suggests that the ability of LES to predict the temporal properties of turbulence will become increasingly important. Other problems in which time correlation properties have an important role are particle dispersion and the predictability problem. 10, 11 This paper compares the Eulerian time correlations of spatial Fourier amplitudes computed by direct numerical simulation ͑DNS͒ with the time correlations computed by LES in the basic problem of homogeneous isotropic turbulence. This problem permits the application of a spectral eddy viscosity. The Chollet-Lesieur model 5 is used because it reproduces the energetics of the resolved scales well. We conclude that the LES fields are more correlated than the DNS fields: their time correlations decay more slowly at all resolved scales of motion and their integral scales and microscales are larger than those of the DNS field.
Filtering alone can have significant effects on many tur- provided F(k͉k c ) 0. It will be shown through numerical simulations that the time correlations of DNS and LES fields can differ significantly; in view of Eq. ͑2͒, the difference cannot be the result of filtering. It is natural to attribute the difference to the decorrelating effect of nonlinear interactions between the resolved and unresolved scales. A SGS model which correctly models the energy transfer between the resolved and unresolved scales of motion may not model this decorrelating effect and may consequently overpredict the coherence of the resolved scales. The question therefore arises of how to adapt SGS models to the requirement of predicting time correlations. Previous studies of the predictability problem [12] [13] [14] have suggested including a random force in the SGS model. The possibility that a random force could be chosen so that the time correlation predictions are improved is discussed briefly.
While intuitively plausible, it should be stressed that the increased correlation of LES fields is a property of NavierStokes dynamics. In Burgers turbulence, the modes become phase-locked as shocks develop; therefore, reducing the number of modes could make the resolved velocity field less correlated than the true velocity field. This comparison calls attention to a connection between phase correlations and temporal correlation properties of nonlinear fields. Phase relations in the LES field will not be the same as those in the DNS field unless the SGS model somehow restores them. The altered phase relations may either promote temporal coherence, as we find in Navier-Stokes dynamics, or reduce it, as we suggest for Burgers turbulence.
II. SUBGRID SCALE MODELS OF ENERGY TRANSFER
We consider time-stationary homogeneous isotropic turbulence, for which the Fourier representation is a natural setting to study SGS models. Following Kraichnan's original analysis, 15 the problem of SGS modeling is best formulated in terms of the steady-state evolution equation:
where kϭ͉k͉ and
is the single-time correlation function, is the kinematic viscosity, F(k) is the correlation of a large-scale forcing which maintains the turbulence in a steady state, and T(k) is the nonlinear transfer defined by
T͑k ͒ϭImͫ P imn ͑ k͒ ͵ dp dq ␦͑kϪpϪq͒ ϫ͗u m ͑ p,t ͒u n ͑ q,t ͒u i ͑ Ϫk,t ͒ͬ͘. ͑5͒
In Eq. ͑5͒,
where
For simplicity, we follow Kraichnan 15 and only consider the sharp Fourier cutoff filter,
Because of this trivial analytical form, we need not distinguish the original and filtered velocity fields by special notation. Filtering decomposes the energy transfer into the two parts
is the part of the total energy transfer due to interactions among resolved modes alone and
represents the effect of unresolved interactions, in which either pуk c or qуk c . In this setting, Kraichnan 15 introduced the spectral eddy viscosity
so that the balance equation, Eq. ͑3͒, becomes
This equation can be understood as a formal statement of the eddy viscosity assumption. It shows that an eddy viscosity must be scale-and cutoff-dependent. To make the model determinate, a formula expressing t in terms of the resolved field is required; in view of Eq. ͑10͒, this is equivalent to modeling the unresolved energy transfer T Ͼ in terms of the resolved field. One standard model 5, 6 is
In applying Eq. ͑12͒, the quantity E(k c ) is evaluated from the LES, not from the DNS. This model usually gives a satisfactory account of energy transfer in homogeneous turbulence. 5 The question which we propose is whether this model also predicts turbulent time correlations well. This question will be discussed using comparisons with DNS and closure arguments.
III. NUMERICAL CALCULATION OF TIME CORRELATIONS
DNS and LES of isotropic homogeneous turbulence were performed using a standard pseudospectral Galerkin method. 16 In DNS, the three-dimensional Navier-Stokes equations were solved on a cube of side L B ϭ2, with periodic boundary conditions in the three coordinate directions. The flow domain is discretized uniformly into N 3 grid points (Nϭ128), which defines the wave number components in Fourier space as k j ϭϮn j (2/L B )ϵϮn j , where n j ϭ0, 1,..., N/2Ϫ1 for jϭ1, 2, 3. Aliasing errors were removed by truncating the velocity field at higher wave numbers, ͉k͉Ͼk max with k max ϭN/3 ͑the two-thirds truncation method͒. Although relatively low resolution for computing spatial statistics, a 128 3 simulation should give adequate representation of time correlations. 17 The initial condition was an isotropic Gaussian field with energy spectrum
where k 0 ϭ4.68 is the wave number at which the maximum of the energy spectrum occurs. A stationary turbulence was generated by maintaining constant total energy 18 in each of the first two wave number shells ͑0.5Ͻkр1.5 and 1.5Ͻk р2.5͒, with the energy ratio between the two shells consistent with k Ϫ5/3 . The energy levels were 0.555 440 and 0.159 843, respectively, for these first two wave number shells.
The spatial resolution of a spectral simulation is often monitored by the value of k max , where ϵ(
is the Kolmogorov microscale. This quantity should be greater than one for the smallest scales of the flow to be resolved. 18 The value of k max was typically larger than 1.05 in our simulation. The Fourier coefficients of the flow velocity were advanced in time using a second-order Adams-Bashforth method for the nonlinear term and an exact integration for the viscous term. 16 The time step was chosen to ensure that the CFL number was 0.5 or less for numerical stability and accuracy. 18 The resulting parameters of the DNS simulation are listed in Table I. A mesh resolution of 64 3 was used in the LES computations. Scales smaller than the grid spacing were modeled using the Chollet-Lesieur model ͑12͒, ͑13͒. The same forcing method used for DNS was applied to the first two wave number shells to maintain the energy in the resolved field of the LES. All other parameters in the LES are the same as in the DNS. The spectral codes for the DNS and LES were developed and implemented on a Beowulf 96 CPU cluster computer at ICASE, NASA Langley Research Center, using the parallel fast-Fourier transformation algorithm. 19 Figure 1 shows the energy spectra for the DNS and LES.
The correlation of Fourier amplitudes in the DNS field
is evaluated at a reference time t after which the simulated flow becomes statistically stationary. The analogous quantity for the LES field is
Subsequently, the time correlation for each wave number shell ͉k͉ϭk is computed as a function of time lag . The ensemble averaging is performed by averaging over the wave number shell ͉k͉ϭk. This procedure allows us to obtain smooth correlation functions.
IV. SIMULATION RESULTS

The figures present the normalized time correlations
c͑k, ͒ϭ ͗u͑k,tϩ͒"u͑k,t͒͘ ͗u͑k,t͒u͑Ϫk,t͒͘ of scales from the integral scale to the upper end of the resolved scale range. The time separation is normalized by s ϭ(u rms k min ) Ϫ1 where u rms is the rms fluctuating velocity and k min ϭ1 is the largest scale in the system. This normalization is not essential to the numerical comparisons. Two conclusions are evident: first, both fields decorrelate more quickly at small scales than at large scales and second, the time correlations of the LES fields decay more slowly than those of the DNS fields.
In Fig. 3 , these results are all plotted together, with the time axis defined by the scale-dependent similarity variable *(k)ϭu rms k. This normalization causes excellent collapse of the correlation functions. The dynamic explanation has been discussed thoroughly by Kaneda. 20 We note only that collapse on u rms k is due to the fact that the Eulerian time correlations are dominated by the sweeping effect which is characterized by the value of u rms . This graph again makes evident the slower decorrelation of the LES field compared to the DNS field. The time correlation function is often described by two scalar properties, the integral scale defined by
and the microscale defined by
The integral scale M (k) estimates the time required for the amplitude of a mode with wave number k to become decorrelated with itself; the microscale is related to the zerocrossing rate of the time signal. The corresponding quantities for the LES field will be denoted by M (k͉k c ) and (k͉k c ).
In Fig. 4 , the microscales of the DNS and LES fields are compared over the range of wave numbers computed in the simulations. The plot shows that both microscales vary with wave number k as k Ϫ1 , consistent with the sweeping hypothesis for Eulerian time correlations 20, 21 and with the collapse of the correlation functions shown in Fig. 2 . The DNS and LES microscales are seen to be approximately proportional, with
over the entire range of wave numbers considered. The LES microscale always exceeds the DNS microscale. The same comparison for the integral scales is made in Fig. 5 , which shows the ratio M (k͉k c )/ M (k) as a function of wave number k. Least-squares fitting of the data gives
The LES integral scale also exceeds the DNS integral scale.
Comparison between Eqs. ͑21͒ and ͑20͒ shows that the microscale is more sensitive to filtering than the integral scale.
V. THE EFFECTS OF SUBGRID-SCALE MODELING ON TIME CORRELATION
The Taylor expansion technique 17, 20 makes possible a simple analysis of the effects of eddy viscosity on the time microscale. To facilitate the analysis, we are assuming that initial DNS and LES velocity fields are identical and the question under investigation concerns the subsequent evolution under DNS and LES. The governing equations for the Navier-Stokes fields are
where M imn ͑ k,p,q͒ϭ P imn ͑ k͒ ͵ dp dq ␦͑pϩqϪk͒ ͑23͒
and f i (k,t) is the large-scale random forcing which vanishes except at the forcing scales. The governing equations for the LES fields are
restricts the nonlinear interaction to resolved modes alone. The Taylor expansion of the time correlation ͑15͒ has the general form The time derivatives of the Navier-Stokes fields can be calculated from Eq. ͑22͒. For negligible viscosity and wave numbers k far from the forcing frequency, we obtain
In Eq. ͑29͒, the result for time stationary turbulence
is applied. In a steady state,
In view of Eq. ͑28͒, this result is equivalent to T(k)ϭ0: a steady state implies zero net transfer into modes outside the production and dissipation ranges. Similarly, the Taylor coefficients of time correlations in the LES velocity field, defined by analogy with Eq. ͑26͒ by
can be obtained from Eq. ͑24͒ as
In an ideal LES calculation, we would have
Again,
In the case of LES, the requirement that C 1 (k͉k c )ϭ0 in a steady state is equivalent to Kraichnan's definition of the spectral eddy viscosity, Eq. ͑10͒. Regardless of the definition of v t (k͉k c ), energy transfer among the resolved modes adjusts itself so that C 1 (k͉k c )ϭ0. Equation ͑36͒ can be simplified using the result C 1 (k͉k c )ϭ0: in view of Eq. ͑35͒,
where we have introduced the quantity
which represents the effect of interactions among resolved modes alone. Note that v t always decreases C 2 (k͉k c ), hence it always increases the time microscale. The quasinormality hypothesis results in
The geometric factor in Eq. ͑41͒ is positive, 22 consequently
Combining Eqs. ͑42͒ and ͑39͒,
If the SGS model correctly predicts the energy levels of the resolved scales, we can divide Eq. ͑43͒ by Q(k) and conclude that
as observed in the simulations. Thus, closure is consistent with the observation that the time microscale in the LES field is always larger than the microscale in the DNS field. The closure result, Eq. ͑41͒, also implies that C 2 (k͉k c ) is an increasing function of k c ; as expected, increasing the resolution of the LES must improve the predicted microscale. Because it is difficult to explore the effects of varying simulation parameters through DNS, it is useful to supplement the DNS with closure analysis. The most fundamental property of the integral defining C 2 (k) is that if it is evaluated on a cutoff Kolmogorov correlation function of the form
where Q 0 (k) is an arbitrary function of k which is bounded near kϭ0, then under the closure hypothesis of quasinormality, when qϷk 0 Ϸ0 and consequently p→k,
also diverges in this limit. This is the well-known divergence property of Eulerian time correlations discovered by Kraichnan. 23 It implies that if kӷk 0 , we can expect that the integrals defining both C 2 Ͻ (k͉k c ) and C 2 (k) will be dominated by the behavior of Q near the peak of the energy spectrum. If also kӶk c , then
Thus, if k 0 ӶkӶk c , C 2 (k) will be relatively unaffected by mode truncation, and should be well predicted by LES.
In a finite system in which k 0 is fixed, C 2 (k) is finite, because Q 0 (q) approaches zero when q→0. For fixed k 0 , if kϷk 0 , then Eq. ͑46͒ shows that the contribution to C 2 (k) from scales qϷ0 is of order k 0 2/3 . Similarly, Eq. ͑47͒ shows that the contribution to c 2 (k) from these scales is of order k 0 4/3 . Thus, C 2 (k) and c 2 (k) are no longer dominated by contributions from small q; instead, these contributions are small, and the effect of the cutoff at k c can be stronger.
The conclusion of these two arguments is that in high Reynolds number turbulence with k 0 Ӷk d , where k d is the inverse Kolmogorov scale, the time microscale can be well predicted by LES for scales k satisfying k 0 ӶkӶk c Ͻk d , but the effect of mode truncation can be stronger if kϷk 0 or if kϷk c , whether the Reynolds number is large or not. In particular, in low Reynolds number turbulence in which k 0 Ϸk d , the effect of the cutoff can always be significant.
To quantify the effect of proximity to the cutoff scales on time correlations, we evaluated the integral of Eq. ͑41͒ numerically for the von Kármán spectrum
where k 0 defines the peak of the energy spectrum. In this integration, the wave vectors are restricted by the conditions p, qϽk c . The problem has two parameters k 0 , k c ; these cases are considered in Table II . The results are given in Table III . The results shown in Table III agree with the abovegiven arguments: the cutoff effects are largest when k 0 is largest and increase as k approaches k 0 ; we also note that the time microscale for scales kϽk 0 below the integral scale are even more strongly affected by the cutoff. The results in Table III do not include the effect of eddy viscosity: for the Chollet-Lesieur model-Eq. ͑12͒-this effect, which is proportional to the energy spectrum at the cutoff wave number, is small and is consequently not shown.
None of the ratios in Table III is close to the value c 2 (k)/c 2 (k͉k c )Ϸ1.8 found in our DNS. The reason is that the von Kármán spectrum happens not to apply well to either the DNS or LES spectrum. Modeling these spectra by Table III and c 2 (k)/c 2 (k͉k c )Ϸ1.8 for the numerical simulations is surprising. However, we should consider that Table III was constructed by making the idealization that the LES spectrum is simply the cutoff DNS spectrum as in Eq. ͑37͒. It is therefore likely that the ratios in Table III are unrepresentatively low. The numerical simulations have applied the Chollet-Lesieur spectral eddy viscosity, which is derived theoretically for high Reynolds number turbulence, in a relatively low Reynolds number simulation. The LES is probably far from optimal. It is therefore also likely that the ratios from the simulations are unrepresentatively high. In any case, our goal is not to predict this ratio, which depends on the flow and the SGS model, but to show that it can be significantly larger than one.
VI. DISCUSSION
In most previous applications, LES has been judged by its ability to predict single-time flow properties like the mean velocity profile, turbulent kinetic energy, and Reynolds stresses. SGS model development has therefore been focused on improving the predictions of these quantities. The time statistics of the LES do not enter such comparisons directly. The recent increased attention given to unsteady problems in aerodynamics suggests that LES will be needed for timeaccurate calculations in the future; even if the time accuracy required is only statistical, this emphasis will impose new requirements on SGS modeling.
A relatively new application of LES to unsteady flow is the computation of turbulent sound sources. In this problem, the Lighthill acoustic analogy 24 shows that the sound source depends on the space-time properties of turbulence. Since unsteady information is required, LES is a natural approach; however, investigation of the accuracy of LES in this application has begun only recently.
In a recent assessment of LES-based sound radiation calculations, Seror et al. 25 found that SGS modeling suppresses the sound radiated by the unresolved scales. It is not difficult to use turbulence theory to model the subgrid sound 26, 27 without reformulating the SGS model; however, the possible modification of the frequency distribution presents a potentially more difficult problem.
The problem thereby arises of constructing SGS models which are faithful both to the energetics of turbulence and to its time correlation properties. One way to model the decorrelating effects of the unresolved scales is by adding a random force to the SGS model. The introduction of such Langevin models as SGS models has been suggested by Bertoglio, 12 Leith, 13 and Chasnov 14 in connection with the predictability problem for turbulence. The effect of an added random force is easily understood in the present context: if the large-scale forcing f i in Eq. ͑24͒ is replaced by a random force which acts at all scales, then a simple calculation shows that Eq. ͑39͒ is replaced by
Since the random force increases the inverse microscale, it is possible that the force correlation could be adjusted to compensate for the effect of filtering and SGS modeling.
VII. CONCLUSIONS
Numerical simulation and closure arguments suggest that SGS modeling generates LES fields which are more correlated than the corresponding DNS fields. This can be true even if the SGS model predicts single-time properties well. The increased time correlation cannot be attributed to filtering alone; indeed, filtering alone does not change the time correlations of velocity Fourier modes. Instead, by modifying the phase relations among modes, SGS modeling alters their correlation properties. This is reflected in increased temporal correlations.
The present paper considers only Eulerian time correlations, which are relevant to problems involving wave radiation and scattering. In very high Reynolds number turbulent flows, the long wavelength divergence of Eulerian time correlations implies that the time correlations of scales far from both the integral scale and the subgrid cutoff should be well predicted by LES. Increased correlation will be significant in moderate Reynolds number turbulence and in high Reynolds number LES for scales close to the integral scale or the filter scale.
A representative application of this effect is in sound radiation calculations where, by increasing the turbulent time scales, it could cause a shift in the computed radiated sound lower frequencies. Adding a random force to the SGS model is a possible route to improving the time correlation predictions.
